There is significant interest in the deployment of organic Rankine cycle (ORC) technology for waste-heat recovery and power generation in industrial settings. This study considers ORC systems optimized for maximum power generation using a case study of an exhaust flue-gas stream at a temperature of 380
Introduction
The use of waste heat (typically at temperatures up to about 300-400
• C) and of alternative sources of low-or medium-grade heat, such as geothermal or solar heat, can play a key role in decreasing the current dependence and consumption rates of fossil fuels, increasing security and decreasing emissions. Low-and medium-grade heat can be recovered to provide heating, or converted into useful power such as electricity, or a combination of the two [1] . A number of technologies exist that are suitable for the conversion of such lower-grade heat to useful power. The Kalina cycle, for example, uses a mixture of ammonia and water, whereas the organic Rankine cycle (ORC), based on the Rankine cycle, employs different organic working fluids and their mixtures, such as hydrocarbons, refrigerants, or siloxanes [2] [3] [4] [5] . A significant effort has been placed on the development and improvement of ORC power systems in different applications including waste-heat recovery, renewable heat (geothermal, biogas/biomass) conversion, and solar-thermal power [6] [7] [8] [9] [10] [11] .
The uptake of ORC technology for waste-heat recovery and power generation is being handicapped by long payback periods according to industry standards. One of the main features of ORC systems is their unique potential to employ a broad range of working fluids, which allows the design of tailored cycles specifically targeting the characteristics of distinct heat sources. Another avenue being championed is that of increasing the power output of ORC systems via the addition of a recuperator (also called a regenerator or internal heat exchanger, IHE). This heat exchanger is used to preheat the working fluid before evaporation, using the recovered excess superheat from the working fluid downstream of the expander. This can reduce the amount of thermal energy extracted from the heat-source stream, which increases the system's thermal efficiency (if this is defined as the ratio of the net-power output to the thermal input from the heat source). Furthermore, the reduction in the thermal energy extracted from heat-source stream, decreases the stream's temperature drop within the evaporator, and thereby may in some cases relax the evaporator pinch limitations depending on where the pinch point is found inside this heat exchanger. This, in turn, may allow the ORC system to operate with higher working-fluid flowrates (until the pinch conditions are re-established), thus enabling a further increase in efficiency and power output, for the same heat-source conditions.
However, a number of questions remain unanswered regarding the introduction of a recuperator, which is an additional component that leads inevitably to higher system complexity and cost. While its addition ensures an improvement in thermal efficiency, its effect on the optimal exergy efficiency and power output are still under discussion [12, 13] . The roles of the working fluid (dry, isentropic, wet) and cycle architecture (subcritical, transcritical) on the decision to include a recuperator remain unexplored. For the cases where a recuperator may indeed be beneficial, the effectiveness of the heat exchanger is also important, and the additional costs associated need to be considered.
In this work we explore the benefits and drawbacks of using recuperators in ORC systems with the aid of thermodynamic cycle analysis. The aforementioned working fluids and cycle architectures are optimized for maximum net-power generation, with particular consideration given to the heat-source characteristics and the condenser boundary conditions (cooling rates, exit temperatures). While cycles with no recuperation typically give higher exergy efficiencies, there exist cases where a combination of factors (working fluids, boundary conditions) result in recuperative cycles being optimal; we therefore extend our analysis to include the economic considerations of such cases.
ORC system models

External boundary conditions and working-fluid selection
In this paper, the heat source is a flue gas from an industrial cement kiln, with a mass flowrate of 185 kg/s at 380
• C. The heat sink is taken as cooling water. The inlet temperature of the heat sink T cs,in is set to 25
• C, with the maximum temperature increase of 30
• C. In the first iteration of this study, we consider over 35 pure working fluids from the NIST database (see Table 1 ), spanning the classes of alkanes and their isomers, refrigerants, siloxanes and aromatic hydrocarbons (benzene and toluene). These working fluids have been chosen to span a wide range of critical temperatures . This, in combination with the high heat-source temperature, enables the fluids to be suitable for both subcritical and transcritical ORC systems. Also, they span varying degrees of 'dryness' from the very dry siloxanes and heavy hydrocarbons to the wet refrigerants such as R152a, and also including isentropic fluids such as R124 and R1234yf. It is assumed that the isentropic efficiency of the pump and expander are 85% and 75% respectively while the minimum temperature difference (∆T min ) in the heat exchangers is 10
• C.
ORC thermodynamic model
The thermodynamic model of simple subcritical ORCs is well described in literature. This consists of an energy balance across each component of the cycle. The model used here is also capable of analysing superheated and recuperated ORC systems. In recuperated cycles, the recuperator is modelled based on the amount of heat recoverable from the working fluid exiting the expander with a dimensionless parameter called the recuperative fraction (θ recup ), defined as:
At θ recup = 0, the recuperative cycle reverts to the basic cycle with no recuperation, and when θ recup = 1, the maximum possible amount of heat is exchanged between the working fluid exiting the expander and that exiting the pump.The amount of superheat (before expansion) is described in a similar manner to vary between θ SH = 0 at the dew point or critical point and θ SH = 1. 
Optimization algorithm
An optimization algorithm in MATLAB [14] is employed to find the maximum net-power output of the aforementioned waste-heat recovery ORC systems, which necessitates an objective function and constraints to be defined:
subject to:
The first constraint (Eq. 3) is applied separately to the evaporator, the condenser and the recuperator, ensuring that the pinch conditions in these heat exchangers are satisfied. This is implemented by discretizing each of the heat exchangers into 100 segments, with ∆T i defined as the temperature difference between the hot and the cold steams in the i th segment of the heat exchanger. The temperature at the expander outlet, T 4 , has to be higher than or equal to the dew point temperature at the condensation pressure (Eq. 4) in order to prevent liquid droplet formation in the expander. This means that the working fluid at the expander outlet is always in the (superheated) vapour state. In addition, both the degree of superheating and the recuperative fraction must be between zero and unity (Eq. 5).
In Eq. 6, a switch is established between the subcritical cycles, and the supercritical vapour generation of transcritical cycles. For the cycle to be subcritical, the evaporation pressure has to be lower than or equal to the critical pressure, while transcritical cycles have evaporation pressures higher than the critical pressure. The factors 0.95 and 1.05 are chosen arbitrarily to exclude the critical region and to prevent numerical instabilities with the equation of state and the optimizer; factors of 0.90 and 1.12 respectively have also been used by other authors [15, 16] . Finally, the (absolute) condensation pressure is constrained to be equal to or larger than 1 bar (ambient pressure), see Eq. 7, to avoid sub-atmospheric pressures in the cycle and expensive solutions to mitigate air ingress [8, 17] . The effect of this constraint on the cycle design is also investigated in this work.
Component sizing and cost evaluation
For the purpose of evaluating and comparing the cost implications and benefits of the derived system designs, the installation costs are calculated using the earlier derived optimal solutions. The cost of the individual system components are calculated based on their sizes, and summed together. This gives an indication of the installation cost; other engineering costs not considered will, by and large, be similar.
The heat exchangers (shell and tube) are sized with their UA-values, and their costs are calculated using the 'C-value' method in combination with the ESDU 92013 chart [18] , where C is the ratio of the heat duty to the log-mean temperature difference. Heat exchangers involving multiple working-fluid phases, such as the evaporator and condensed, are divided into distinct segments (of constant heat capacity) and each segment is sized and costed accordingly. The pressure effects on the heat exchanger costs are accounted for by multiplying the base costs with a pressure factor defined as: [19] : F P = 0.9803 + 0.018(P/100) + (P/100) 2 , where P is in psig.
The expanders are sized based on their power output and their costs are calculated for pressure discharge and vacuum discharge units respectively as [19] :
The centrifugal pump and accompanying motor are costed based on their head and power requirement as [19] :
All equipment costs are brought to 2016 figures using the CEPCI (500 for year 2006, 314 for 1982 for the C-value method, and 556.8 for year 2016). The installation cost is then weighted by the net power output to derive the specific investment cost (SIC).
Results and discussion
In this section, we present results of the waste-heat recovery ORC system with the various pure working-fluids. We start by presenting and comparing the net power output for the subcritical and transcritical ORC systems, based on the optimization problem in Eq. 2. Both systems are then investigated with respect to their levels of recuperation. Finally, the effect of the condenser boundary condition with the constraint in Eq. 7 is discussed.
Output from subcritical and transcritical cycles
Simulations were performed to investigate the effect of the evaporation pressure on the maximal net-power output, W net , while employing the selected pure working-fluids from Table 1 in subcritical and transcritical ORCs. The results of these simulations are presented Fig. 1 , which shows plots of the power output as a function of the reduced evaporation pressure (P evap,r = P evap /P crit ). The subcritical cycles are those to the left of the vertical dotted lines while the transcritical cycles are to the right. The results are presented for the fluids in Table 1 , with the exception of a few refrigerants so as not to overload the figure; these refrigerants do however follow the same general trends as those of the other refrigerants. As expected, the transcritical cycles deliver a higher power output than the subcritical cycles with the optimal net-power generally increasing with the evaporation pressure, irrespective of the working fluid .
There is, however, a limit to this increase in power output,at a supercritical evaporation pressure (P evap,r > 1), after which the power output declines. This is a result of the dependency of the power output on the expansion pressure ratio (specifically, the enthalpy change) and the working-fluid mass flowrate (as per Eq. 2), and also to a lesser extent on the required pumping power. At higher evaporation pressures, there is always a large pressure ratio (and hence a large enthalpy change) during the expansion process, and this always leads to a higher specific work output (h 3 − h 4 =Ẇ exp /ṁ wf ). However, a higher evaporation pressure brings the working-fluid's evaporation temperatureprofile 'closer' to that of the heat source, thereby reducing the maximum possible working-fluid mass flowrate before the evaporator pinch conditions are met. Furthermore, a higher evaporation pressure requires a higher pumping power. The decrease in the working fluid flowrate and increase in the pumping power eventually counterbalance the increased specific work output, leading to the observed optimal evaporation pressure at the maximum net-power output.
This maximum power output generally occurs at reduced evaporation pressure values between 4.0 and 5.0 for the refrigerants and lighter hydrocarbon working-fluids considered herehaving similar profiles from Fig. 1 . The heavier hydrocarbons and siloxanes have a different profile, with the power output increasing more gently with increasing P evap,r , and peaking at P evap,r values between 1.1 and 2.0. This could be a result of the condensation pressures of these working fluids which fall on the limit of atmospheric pressure from the constraint in Eq. 7. At this pressure, these fluids condense at high temperatures, ranging from 60
• C to 210
• C, which are much higher than the heat sink temperatures, thereby limiting the power output from such cycles. On the other hand, the refrigerants and the lighter hydrocarbons are condensed at the lowest temperature possible and are not limited by this constraint.
The observed maxima in the net power outputs in Fig. 1 provide valuable insight into the design and economics of high-pressure ORC systems; higher evaporation pressures do not always guarantee higher power outputs. Moreover, the purchase costs of high-pressure components and equipment are usually higher than those of low-pressure equivalents. Thus, ORC systems being designed to operate at higher evaporation pressures, beyond the identified maxima, will have higher specific investment costs due to their higher capital costs and lower net power production. Therefore, it may be beneficial from both the thermodynamic and economic perspectives to limit the operating pressure in ORC evaporators to the limits identified above.
Optimization of recuperative subcritical and transcritical ORC systems
We now proceed to consider the employment of recuperators in subcritical and transcritical ORC systems. Simulations were performed aimed at maximizing the net power output of these systems, based on Eqs. 3 to 7. In Eq. 6, a limiting factor 0.95 was applied to the critical pressure to prevent numerical instabilities when using the equation of state with the optimizer, thus limiting the reduced evaporation pressures below a value of 0.95. Similarly, the transcritical cycles were limited to a minimum reduced evaporation pressure of 1.05. The optimum net power outputs from both the subcritical and transcritical cycles based on the chosen working fluids are presented in Fig. 2 , while the recuperative fractions of the cycles are presented in Tables 2 and 3 respectively. P r o p a n e B u t a n e I s o b u t a n P e n t a n e H e x a n e i h e x a n e H e p t a n e O c t a n e N o n a n e D e c a n e P r o p y l e n R 
Optimal cycle design conditions
For most of the working fluids considered here, the resulting optimal cycles were superheated to various degrees, ranging from 0.4 to 0.8 (1.0 for the transcritical cycles); the wet fluids such as propane, R143a and R152a need to be superheated before expansion to achieve a reasonably superheated vapour after the expansion process due to the constraint in Eq. 4. The exception to this were the heavy hydrocarbons (including benzene and toluene) and the siloxanes, which are very dry fluids and as such did not require any amount of superheat before the expander to achieve a superheated vapour after expansion. Similarly, most of the alkane and refrigerant working fluids were condensed above atmospheric pressure, at pressures ranging from 2 bar(a) to 20 bar(a), while the heavy hydrocarbons and siloxanes are condensed at atmospheric pressure due to their high critical temperatures and low critical pressures. In the subcritical cycles, the optimal cycles generally feature evaporation at the P evap,r limit of 0.95 for most of the working fluids, due to the high temperature of the heat source. The single exception was the cycle with D5, operating at a reduced evaporation pressure of 0.61, due to the close proximity of its critical temperature to the heat source temperature. Without the imposed limit, it may be expected that most optimal (subcritical) cycles will involve evaporation at the respective critical pressures of the fluids, i.e., P evap,r = 1.
It is also interesting to note the performance of the working fluids across the working fluid classes. With the alkanes, the net power output increases from propane till hexane but decreases beyond this up to decane (see Fig. 2 ). This is due to the lighter alkanes (propane to pentane) being condensed at the lowest possible temperature/pressure because they are not constrained by Eq. 7. The heavier alkanes on the other hand are all condensed at atmospheric pressure. This, with the fact that the critical pressures of the alkanes decrease with molecular complexity, reduces the pressure difference (and reduces the specific enthalpy change, h 3 − h 4 , in Eq. 2) during expansion, thereby leading to a reduction in the net power output from hexane to decane. This trend is also noticeable with the siloxanes and between benzene and toluene, which are all condensed at atmospheric pressure. This combined with the reduction in critical pressure (as described with the heavier alkanes) leads to a reduction in net power output. However, in the transcritical cycles, the disparity in power output between propane and hexane is reduced as each of the working fluids are no longer constrained to a reduced evaporation pressure of 0.95. Thus, they are now able to evaporate at higher pressures (with the optimal P evap,r ranging from 6.5 for propane to 2.2 for hexane), thereby maximizing their power potential.
Degree of recuperation
Only a few of the working fluids have optimal subcritical cycles requiring no recuperation (θ recup 0, see Table 2 ). These fluids, with the exception of decane, are fluids with only a slight degree of dryness whereas other very dry fluids like the siloxanes require a great deal of recuperation. Also, the isentropic fluids such as R125 and to some extent benzene and toluene require low levels of recuperation. In contrast, all the wet fluids, such as propane, R12 and R152a require very large recuperative fractions since they are usually superheated, ensuring that vapour exits the expander. Similarly, all the working fluids condensing at atmospheric pressure, required high recuperative fractions.
On comparing the recuperative fractions of the transcritical cycles (Table 3 ) with those of the subcritical cycles (Table 2) , it can be seen that a higher number of working fluids now have optimal cycles which feature very little recuperation (θ recup 0). However, the optimal cycles with very dry working fluids and those condensing at atmospheric pressure remain with large recuperative fractions. Working fluids such as butane, R114 and R245fa, which required large amounts of recuperation in subcritical cycles, now require no recuperation when applied to transcritical cycles. Thus, it may be concluded that the restriction on their evaporation pressures (to P evap,r = 0.95) in subcritical cycles, led to the optimizer resorting to recuperation in order to maximize the net power output. When this restriction is relaxed in transcritical cycles and the working fluids are being evaporated at much higher pressures, there is no longer the need for recuperation. Rather, the power is maximized by evaporating at higher pressures.
Economic indications
In order to estimate the investments required for these systems, the costs of each of the system component are evaluated and these are summed up to give a total system cost.While the system costs should increase with power output and system complexity, it does not give a level basis of comparison between the possible options. Thus, the system costs are then divided by the net power output to derive the specific investment costs (SIC, in £/$/e per kW) which serves as a better basis of comparison between systems with large variations in power output and complexity. The corresponding specific investment costs of both the subcritical and transcritical ORC systems based on the chosen working fluids are presented in Fig. 3 .
The SIC is seen to have an inverse relationship with the net power output; systems with lower power output generally have higher SIC and vice versa. This is evident (in comparison to Fig. 2 ) in subcritical systems with R115, R125, R143a, R218, D5 or MD2M as working fluids; their low power outputs is seen to result in high SICs. A few exceptions to this general trend include the transcritical systems with propane, propylene, R12, R1234ze, R134a or R143a as working fluids. These systems feature evaporators and recuperators operating at very high pressures (> 230 bar) and hence are much more expensive than the systems operating at lower pressures. Thus, although these systems deliver high power outputs, their SICs are nevertheless high.
The inverse relationship between the SIC and power output is also evident when the trend within working fluid classes is considered. For the alkanes, the SIC is seen to decrease from propane to hexane and then increase to decane, mirroring the trend in power output within the family. In the same vein, the SIC increases from D4 to D5 and from MM to MD2M, since the power output decreases from D4 to D5 and from MM to MD2M. However, this relationship between the SIC and the net power output does not follow through when a direct comparison is made between transcritical ORC systems (i.e., systems with supercritical evaporation) and subcritical systems. Although a transcritical system delivers higher power output than a subcritical systems on the same working fluid (see Fig. 2 ), the transcritical systems are more expensive (higher SIC) as in Fig. 3 . While subcritical systems are limited to a maximum evaporation pressure ratio of 0.95 (e.g., corresponding to P evap = 32 bar for pentane), there is no such limit on the transcritical systems. The optimal evaporation pressure ratio varies between 1.1 and 8.5 in transcritical systems (e.g., corresponding to P evap = 149 bar for pentane and higher for some refrigerants). Such high pressures require that the evaporators and recuperators are more expensive, hence the higher system cost and SIC of the transcritical systems.
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Effect of condenser boundary conditions
In the previous sections, we examined the performance of recuperative ORC systems when using a variety of working fluids. Some of the cycles, especially those with working fluids with higher critical temperatures (heavier alkanes, siloxanes and aromatic compounds), were generally condensed at atmospheric pressure (Eq. 7). Thus, the power output was clearly restrained, especially when compared to cycles with lighter working fluids in the same family, as exemplified by the reduction in net power output from hexane to decane in Figs. 3 and 4. Beyond this, subcritical and transcritical cycles employing these fluids were observed to feature high recuperative fractions.
Optimal cycle design conditions
For these fluids, it is important to investigate their performance without this lower condensation pressure limit. The net power output and the corresponding specific investment cost from these simulations for both the subcritical and transcritical cycles are presented in Fig. 4 , while the recuperative fractions of the optimal cycles are presented in Table 4 . As expected, the condensation pressures after optimization were all below atmospheric, ranging from 0.0020 bar(a) to 0.76 bar(a).
On comparing the recuperative fractions of the optimal cycles (Table 4) with those of the previous subcritical (Table 2 ) and transcritical (Table 3) cycles, it can be seen that a large number of the working fluids that earlier had large recuperative fractions, now have optimal cycles which feature very little recuperation (θ recup 0). These fluids include the alkanes from hexane till decane, benzene and toluene, D4 and MD2M; it is evident that relaxing the constraint in Eq. 7 resulted in optimal cycles without recuperation. A similar reversal was observed in Section 3.2.2, when the P evap,r limit of 0.95 (for subcritical cycles) was relaxed to enable transition into transcritical cycles. Thus, it can be concluded that adding constraints on the operating range may result in recuperators being deployed for increased power output. When these constraints are relaxed, the optimal cycles usually feature no recuperation. Table 4 : Recuperative fraction of subcritical and transcritical ORC systems at optimal net power output with working fluids condensing below atmospheric pressure (1 bar(a) H e x a n e i h e x a n e H e p t a n e O c t a n e N o n a n e D e c a n e H e x a n e i h e x a n e H e p t a n e O c t a n e N o n a n e D e c a n e By allowing theses working fluids to condense below atmospheric pressure, the power output from the cycles can be greatly increased. The power output from the cycles with these fluids (in Fig. 4 ) can be compared with their counterparts in Fig. 2 . The cycles with condensation below the atmospheric pressure are seen to deliver a higher power output than those with condensation at atmospheric pressure. The relative improvement increases in net power output are given in parentheses in Fig. 4 . Working fluids such as hexane and benzene are shown to show a slight improvement in their power outputs, up to 18% while the other, much drier working fluids, show much larger improvements, ranging between 200% and 350% in the cases of decane, D5 and MD2M.
Economic considerations
It should be noted that these increases in power output come at the expense of more expensive condensers and expanders as alluded to in Section 2.3, thus it should be expected that these ORC systems will definitely be more expensive (in terms of their investment costs) than their counterparts featuring condensation at (or above) atmospheric pressure. It may however be expected that the large increases in power output could justify the added investment in sub-atmospheric units, thereby making these systems with sub-atmospheric condensation cheaper (in terms of their SIC). Also, additional cost savings may be expected as these systems have been shown here to be optimal without requiring a recuperator.
These expectations are however unfounded as the SIC of the systems with sub-atmospheric condensation (Fig. 4) are generally higher (from 10% to 60% and higher in transcritical systems) than those of the simpler systems (in Fig. 3 ). Only sub-atmospheric systems with D5 and MD2M as working fluids are cheaper (in terms of the SIC) than the corresponding simpler systems. A number of factors contribute directly to this. In the first instance, vacuum expanders are required here and these are more expensive (at similar power ratings) than the simpler expanders; also, these systems deliver higher power outputs, making the expanders even more expensive.
In addition, since the condensation now takes place at the lowest possible pressures without restraint, the condensation temperatures are very low. This reduces the (log-mean) temperature difference between the working fluid and the heat sink, thereby increasing the UA-value (=Q out /∆T LM ) of the condenser by a large degree. For example, when condensation is restricted to 1 bar, in the subcritical system with MDM as working fluid, condensation takes place at 152
• C with a log-mean temperature difference (from the heat sink) of 113 • C. When this restriction is relaxed, the working fluid condenses at 63
• C, with a log-mean temperature difference of 21
• C, increasing the UA-value by at least a factor of 5. The UA-values of the condensers are further increased as a result of the larger amounts of heat being rejected. These make the condensers in the sub-atmospheric systems more expensive, and combined with the higher costs of the expanders, leads to higher overall system costs. The increase in overall system cost is thus seen to nullify the gains in power output derived from the expansion of the working fluids to sub-atmospheric temperatures, hence the higher specific investment costs.
Conclusions
We have presented results of optimized subcritical and transcritical ORC systems, while featuring the option of adding the recuperator, in order to improve the efficiency and power output of these systems, with the objective of maximizing their net power output. A range of working fluids have been considered, ranging from hydrocarbons and refrigerants to siloxanes and aromatic compounds, and encompassing various degrees of dryness.
The ORC systems have been generally observed to deliver their maximum net power outputs at reduced evaporation pressure (P evap,r = P evap /P crit ) values between 4.0 and 5.0 for the refrigerants and between 1.1 and 2.0 for the heavier hydrocarbons and siloxanes. Beyond these, the power output has been found to decrease. Thus, it is suggested that higher P evap will not guarantee higher power outputs, but will, however, result in more expensive evaporators and expanders and in turn result in higher specific investment costs (SIC, in £/$/e per kW). It may be concluded that it is beneficial from a thermo-economic perspective to limit the operating pressure in ORC evaporators to the above limits.
It has also been found that most of the optimal subcritical cycles require large degrees of recuperation because of the limits imposed on the evaporation pressure in order to keep these cycles at subcritical conditions (due to the high heat-source temperature). In transcritical cycles, where this limit is relaxed, there is a reduced dependence on recuperation with the working fluids delivering higher power outputs at elevated evaporation pressures. In addition, restrictions imposed on the minimum condensation pressure (to be at or above atmospheric pressure) for economic reasons, lead to subcritical and transcritical cycles with dry working fluids (with high critical temperatures), such as the heavier hydrocarbons and the siloxanes, requiring significant recuperation (large recuperators).
However, the relaxation of this constraint (with sub-atmospheric condensation) has been found to allow optimal cycles without recuperation, with considerably higher net power output system-designs. It can thus be concluded that such operational constraints may result in recuperators (with the accompanying additional costs) being required to maximize the power output from ORC systems. While the relaxation of these constraints leads to additional power being generated (up to 300% in some cases), the additional costs incurred from high pressure (in transcritical systems) and sub-atmospheric equipment is seen to cancel out the additional power generated. Thus, these systems have higher specific investment costs. Further research aims to investigate the effect of various boundary conditions of the heat sink and the heat source on the optimal integration of a recuperator in ORC systems. Also, explicit cost analysis will be required to quantify the returns from the sales of the electricity generated.
